The bio-distribution of Au NRs in tumor tissues is still unclear. Most tumor cells, unlike normal tissue cells, are not reached by vasculature: blood and lymphatic vessels. 9 Many effective in vitro drugs fail to be used in clinical settings because of their poor distribution at the tumor site; therefore, they could only achieve an effective concentration in the cells close to the vasculatures. 9 The ability of Au NRs to penetrate the tumor tissues and accumulate at sites distant to the blood vessels is essential for the success of the thermal therapy.
Previous studies have reported that the surface chemistry is a key factor affecting the cellular uptake and tissue penetration of nanomaterials. [10] [11] [12] [13] In this study, the relationship between the surface chemistry and the penetration ability of Au NRs was investigated. We synthesized Au NRs with three different polymer coatings: cetyltrimethylammonium bromide (CTAB), polystyrene sulfonate (PSS) and poly(diallyldimethylammonium chloride) (PDDAC). All Au NRs have an aspect ratio of 4, while the LSPR maximum wavelength is 808 nm, which is the optimized wavelength for NIR thermal therapy. Dark-eld (DF) imaging is commonly used for in vitro imaging of the Au NRs; 1, 14 however, the concentration of Au NRs near the solid tumor tissue is difficult to measure, and the solid tumor tissue is relatively large and complex. Therefore, it is difficult to observe the Au NR distribution in the solid tumor tissue using this technique.
Hence, we employed a multicellular tumor spheroid (MCTS) as a model to study the Au NR distribution. MCTSs are similar to solid tumor tissues in morphology, structure, function and gene expression, [15] [16] [17] [18] [19] but they are smaller and easier to establish. The interactions between the cells and their extracellular matrix in 3D cell culture enable them to maintain the unique features of tissues, especially the adherent cell junctions. We could obtain a visual proof of the Au NR distribution through the MCTS sections. The concentration of the Au NRs is adjustable and can be controlled to be much higher than in an animal test. Thus, in comparison to the in vivo test, the only factor that determines the penetration of the Au NRs is the difference in surface coating. Hence, MCTS is an ideal model for the study of Au NR penetration. We predicted that different surface charges would affect the penetration and retention of the nanoparticles in tumors, resulting in different thermal therapeutic benets.
Three types of Au NRs were synthesized following the protocol described in the Materials and methods section. † The mean size of the Au NRs was 55 Â 14 (length Â diameter/nm), which was measured and statistically analyzed according to the TEM images. The UV-Vis-NIR absorption spectra demonstrated that Au NRs with different surface coatings had similar absorption and the maximum absorption peaks were close to 808 nm, which was in the NIR region. The so tissue has low absorption in this region and the laser penetration depth would be maximized.
6 Zeta-potential results showed that the PDDAC-coated Au NRs and the CTAB-coated Au NRs were positively charged, whereas the PSS-coated Au NRs were negatively charged (Fig. 1) .
A series of environmental scanning electron microscopy (ESEM) images with different magnications demonstrated the structure of the spheroids. The MCF-7 cells formed tightly packed round spheroids ( Fig. 2A) . The surface cells of the MCTSs were similar to in vivo tumor tissues but showed different morphologies compared to the monolayer cells. The cells in the MCTSs appeared to be crowded, compact and had an irregular spindle shape, while monolayer cells were more stretched.
Transmission electron microscopy (TEM) was performed to observe the cells outside and inside the MCTSs. The representative images are shown in Fig. 2B , and the nucleus shape was still normal in the outer cells. In the inner cells, however, the nucleus swelled and became malformed. A large amount of protuberances and invaginations occurred, which indicated bad cell viability. It has been reported that the proliferating and non-proliferating tumor cell nuclei vary in shape, and tumor cells with low proliferative activity have a tendency towards a more irregular nuclear shape.
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The outer and inner regions of the cylindroids have been shown to contain viable and apoptotic microenvironments, respectively. 21 The cells in the periphery were predominantly proliferating, while the cells in the center were mostly apoptotic and necrotic. This suggested that the radial organization mimics the distribution of cells around blood vessels in tumor tissues in vivo. The outer region of the spheroid corresponded to the tumor tissue near the blood supply where cells can proliferate in the presence of sufficient oxygen and nutrients. The inner region of the spheroid was similar to the tumor tissue that was far away from the blood supply, where cells also grow with a decreased oxygen and nutrient level. 22, 23 The cells in the inner region of the MCTS may be more vulnerable to the thermal therapeutic treatment. Therefore, spheroids were selected as a suitable model for evaluating the relationship between the penetration behavior of the Au NRs in tumor tissue and the thermal therapeutic efficacy.
The viability of the MCTSs treated with 150 pM Au NRs with different surface modications for 24 h was assessed by acid phosphatase (APH) assay. Conventional cell viability assays need to digest the MCTSs in order to disperse cells before the assays. This step would damage cells and cause inaccuracy in the results. Hence, the APH assay was employed to avoid the disadvantages. This assay could be run without any pretreatment of the MCTSs and is more accurate in reecting the cellular viability in the 3D cell culture model. 24, 25 As shown in Fig. 3A , the viability of the MCTSs was not affected signicantly aer 24 h of Au NR treatment in different groups. Thus, the following experiments were conducted with 24 h Au NR treatment to rule out the impact of cellular toxicity on the thermal therapy test result. A quantitative, inductively coupled plasma mass spectrometry (ICP-MS) measurement was conducted to estimate the amount of Au NRs internalized by the spheroids. The ICP-MS results showed that PDDAC-coated Au NRs had the greatest amount of retention (Fig. 3B) . It has been reported that in a monolayer cell culture, the PDDAC-coated Au NRs had the greatest amount of cellular uptake, while the PSS-coated Au NRs had the least amount of cellular uptake. The uptake dosage of the PDDAC-coated Au NRs was more than 16-fold compared with the CTAB-coated Au NRs and 30-fold compared with the PSS-coated Au NRs. 12 The tendency of Au NR uptake in MCTSs is consistent with that of a monolayer cell culture; however, the difference is not that obvious. The number of Au NRs per spheroid treated with the PDDAC-coated Au NRs was only twice that of the PSS-coated Au NR treated spheroids. The difference in the uptake of Au NRs between the PDDAC-coated and the CTABcoated Au NR treated groups was minimal. In a monolayer cell culture, cationic surface coatings will enhance the uptake of nanoparticles greatly. 26 While in MCTSs, this kind of surface coatings had effects only on the surface cells. Penetration is another key factor which is only present in MCTSs. Consequently, the results obtained in different cell culture models varied.
Thermal therapy is one of the major applications of Au NRs in cancer treatment; therefore, the bio-distribution of the Au NRs in tumor tissue would affect the therapeutic efficiency. The MCTSs were radiated under the NIR laser for 4 min aer incubation with Au NRs for 24 h. The thermal therapy efficiency of each kind of Au NRs is shown in Fig. 3C and calculated according to the following formula:
Thermal therapy efficiency ¼ viability loss/the number of Au NRs per MCTS.
Aer laser radiation, the Au NR-treated MCTSs suffered great viability loss. The thermal therapy efficiency of the PSS-coated Au NRs was the highest, followed by the PDDAC-coated Au NRs. The CTAB-coated Au NRs had the lowest efficiency, which was less than 40% compared to that of the PSS-coated Au NRs.
Hematoxylin-eosin (HE) staining was employed to observe the morphological change of MCTSs aer thermal therapy. The HE staining result showed that radiation rarely had any effect on the control group, while the MCTSs treated with Au NRs showed a variety of structural changes. In the PSS-coated Au NR group, a mass of inner cells were killed, and the skeleton was destroyed; hence, cavities appeared, the structure became loose, and the shape became irregular. The damage of inner cells was not obvious in the other two Au NR treated groups, and cavities could only be seen at the border of the MCTSs (Fig. 3D) .
To show the distribution of Au NRs in the MCTSs directly, a DF microscope was used to examine the penetration of Au NRs in the tumor spheroids. The DF microscope illuminated the samples with oblique beam and collected the reected and scattered light for imaging. Some metal materials, such as Au NRs, exhibit better reecting property. Therefore, the interference of the dye used in HE staining can be excluded. In the sections of the PDDAC-coated Au NR and the CTAB-coated Au NR treated MCTSs, the reected light of the Au NRs was around the spheroids ( Fig. 4b and f) , which demonstrates that most of the Au NRs were distributed in the outer region of the MCTSs. The bright spots (Fig. 4d) in the inner region of the MCTSs were Au NRs, which penetrated into the MCTSs. The DF images showed that the PSS-coated Au NRs can penetrate into the MCTSs and reach the inner regions of the cylindroids, while the other two Au NRs were distributed outside. The Au NRs used in the experiments were suspended in complete medium; therefore, they would interact with serum proteins. For physiological conditions, most serum proteins show slightly anionic property. For monolayer cells, the proteins would be adsorbed onto the Au NRs, mediating their cellular uptake. 27, 28 Because serum proteins are diverse, the Au NR probably contained a variety of serum proteins nonspecically adsorbed onto its surface. The PDDAC and the CTAB are cationic polymers, thus they would adsorb more proteins with negative charges. To support this assumption, the zeta potentials of three Au NRs were measured aer incubation with serum containing medium for 24 hours. The PDDAC-coated and CTAB-coated Au NRs were found to be negatively charged aer incubation, while the PSS-coated Au NRs retained their negative charge (Fig. S1 †) . The proteins adsorbed by the negatively charged PSS Au NRs would be different from those of the other two Au NRs, and the presence and amount of these proteins on the surface of nanoparticles would affect their interaction with MCTSs. The positively charged Au NRs adsorbed more proteins on their surface and increased more in size compared with the negatively charged Au NRs and this dictates the penetration behavior of Au NRs into the spheroids. Consequently, the PSS-coated Au NRs had better penetration ability and were more homogeneously distributed in the spheroids, whereas the cationic polymer-coated Au NRs were distributed in the outer region or adsorbed onto the surface of the spheroids. During radiation treatment, in the PSS-coated Au NR treated group, the inner cells around the Au NRs were killed, and the compact structures were broken. The PDDAC-or CTAB-coated Au NRs were located or adhered to the border of the MCTSs; therefore only parts of the MCTSs were destroyed by hyperthermia. Consequently, the thermal therapy efficiency was limited despite the higher amount of Au NRs per MCTS.
It has been reported that positively charged nanoparticles improve the delivery of the payloads to the cells, whereas the negatively charged nanoparticles diffuse more rapidly, thereby delivering drugs deeper into tissues. 29 In this study, a MCF-7 multicellular tumor spheroid, which mimicked the distribution of the cells around the blood vessels in tumor tissue in vivo, was used for the thermal therapeutic evaluation of Au NRs with different surface coatings. The cells in the outer region of the spheroid corresponded to the tumor tissue near the blood supply having sufficient oxygen and nutrients, while the cells in the inner region of the spheroid were similar to the tumor tissue far away from the blood supply with decreased oxygen and nutrients. Therefore, the cells in the inner region of the MCTS may be more vulnerable to the thermal therapeutic treatment.
Aer the laser radiation, the APH assay proved that in comparison to the other two cationic polyelectrolyte-coated Au NRs, the PSScoated Au NRs had the highest hyperthermia efficacy. In the PSS group, the compact structure of the MCTSs was broken by the Au NR thermal therapy, and sections of the MCTSs appeared to be cracked. The DF images indicated an optimized spheroid distribution of the Au NRs in hyperthermia obtained by the negatively charged PSS Au NRs.
In conclusion, our results showed that surface charge can be used to control tissue penetration and thermal therapeutic efficacy. We believe that a relationship possibly exists between the adsorption of protein onto the surface of Au NRs and their tumor spheroid penetration efficiency. The difference in thermal therapy efficacy was due to the effective heat generated by the Au NRs with different surface coatings, which is affected by different Au NR distribution patterns in the tumor. This conclusion may help guide the design of the surface chemistry of Au NRs for tailoring the thermal therapy.
